Five experiments investigated how rats' conditioned preferences or aversions for aqueous odors paired with sucrose or salt are affected by their unconditioned response to those tastes. Rats preferred an odor paired with 30% sucrose over an odor paired with 5% sucrose when both were presented in 5% sucrose, but they showed no preference or, if thirsty, showed the reverse preference, when the odors were presented in 30% sucrose. These changes in conditioned preference corresponded to changes in the rats' unconditioned preference for the accompanying sucrose solution. Rats' conditioned aversions for odors paired with salt showed a similar dependence on their reaction to the accompanying salt solution. The results were interpreted as showing that conditioned and unconditioned flavor preferences combine additively, as if mediated by the same sensory representation.
Rats and humans show unconditioned appetitive or aversive responses to the taste of certain substances (e.g., sugars), and they acquire conditioned appetitive or aversive responses to flavors that they have consumed in compound with those substances (Capaldi, 1996; Rozin & Zellner, 1985) . For example, rats will acquire a preference for an aqueous odor if they consume it in a solution containing sucrose or saccharin but will learn to avoid the odor if they consume it in compound with quinine (Fanselow & Birk, 1982; Harris, Gorissen, Bailey, & Westbrook, 2000; Harris & Westbrook, 1998; Holman, 1975) . The size of the conditioned preference is proportional to the concentration of tastant present during training, such that rats will prefer one odor over another if the first has been paired with a strong sucrose or saccharin solution and the latter with a weak sucrose or saccharin solution (Capaldi, Owens, & Palmer, 1994) . These acquired preferences or aversions appear to be a straightforward example of classical conditioningpairing the flavor conditioned stimulus with the taste unconditioned stimulus imbues the flavor conditioned stimulus with the capacity to elicit a conditioned response (preference or aversion) that is isomorphic with the unconditioned response provoked by the taste unconditioned stimulus. However, several studies have identified features of learned flavor preferences that are inconsistent with this simple conditioning account. One such feature is their apparent resistance to extinction: For example, rats that have acquired a preference for a flavor paired with a sweet taste persist in displaying that preference long after the sweet taste has been removed (Capaldi, Myers, Campbell, & Sheffer, 1983; Harris, Shand, Carroll, & Westbrook, 2004) .
To explain this resistance to extinction, Pearce (2002) proposed that flavors can acquire the capacity to activate the sensory properties of other flavors with which they have been paired. According to Pearce, when rats consume a solution composed of two flavors, such as an odor and a sweet taste, a configural unit is established to represent the flavor compound. This configural unit is bidirectionally linked to its sensory inputs. Therefore, presentation of the odor alone activates the configural unit via forward connections from the olfactory inputs, and the configural unit in turn activates a representation of the taste via backward projections to gustatory inputs. Thus, the odor becomes linked to the taste via connections that, according to Pearce, are not subject to extinction.
Support for Pearce's (2002) proposal comes from studies of flavor-flavor learning in humans. Stevenson, Boakes, and Prescott (1998) reported that participants who had been exposed to a solution containing a novel aqueous odor in compound with sucrose subsequently identified that odor as smelling sweet, and this tendency was independent of any awareness of the previous pairing. One particularly relevant finding is that this conditioned sweetness effect appears to be resistant to extinction (Stevenson, Boakes, & Wilson, 2000b) . As such, the effect could explain observations that preferences for flavors paired with sucrose do not extinguish because the preference for a sweet odor should persist just as the preference for a sweet taste persists.
If an odor paired with sucrose becomes sweet, that acquired sweetness should add to the taste of the sucrose if the two are presented in compound. The findings of several recent studies are relevant to this issue. These studies have investigated the interaction between rats' conditioned preferences for flavors paired with sucrose and their unconditioned response to the sucrose itself (Sclafani, 2002; Warwick, Synowski, Coons, & Hendrickson, 1999; Warwick & Weingarten, 1996) . They have shown that the presence of sucrose in the test solution has a large effect on the conditioned flavor preference and can even reverse the direction of the preference depending on the concentration of the sucrose. For example, Sclafani (2002) trained rats with two flavor-sucrose compounds (the first flavor was combined with 5% sucrose [Flavor5] and the second with 30% sucrose [Flavor30] ) and then tested their preference for the two flavors presented in varying concentrations of sucrose (5%, 17.5%, and 30%). He found that the direction of the preference changed depending on the concentration of sucrose in the test solution. Specifically, the rats preferred Flavor30 over Flavor5 when both were presented in 5% sucrose, but they preferred Flavor5 over Flavor30 when both were presented in 17.5% or 30% sucrose. The preference for Flavor30 over Flavor5 is not surprising and replicates previous findings. But the reverse preference, for Flavor5 over Flavor30, is distinctly counterintuitive and much more difficult to explain. According to the acquired sweetness account, Flavor30 should taste sweeter than Flavor5, and as such should be preferred. However, this preference may be sensitive to the concentration of sucrose in the test solutions. For example, if the rats' preference for sweet solutions is nonmonotonic, such that intermediate concentrations of sucrose are preferred to very sweet solutions, then the sweeter Flavor30 may be avoided in preference for Flavor5 when both are added to an already very sweet solution, such as the 30% sucrose used by Sclafani. Most evidence indicates that rats' preference for sucrose is monotonic, in that they prefer stronger over weaker solutions (Collier & Bolles, 1968; Smith & Sclafani, 2002) . However, there is evidence that factors such as water deprivation can reduce this preference (Johnson & Fisher, 1973; Scalera, 2000) . Therefore, it is possible that the rats avoid Flavor30 in preference for Flavor5 because, when both are added to 30% sucrose, the former is too sweet.
The present series of experiments was designed to investigate further the interaction between conditioned and unconditioned flavor preferences. Experiments 1A, 1B, and 1C were conducted to determine rats' concentration-preference function for sucrose and how this is affected by water deprivation. Experiment 2 then compared water-deprived and nondeprived rats in their preferences for an odor previously paired with 5% sucrose versus an odor previously paired with 30% sucrose when both were presented on test in a 5% or 30% sucrose solution. The interaction between conditioned odor preferences and unconditioned taste preferences was investigated further in Experiments 3, 4, and 5 by examining rats' preferences for odors paired with different concentrations of salt.
Experiments 1A, 1B, and 1C
Before investigating whether rats' conditioned preference for an odor paired with sucrose tracks changes in their preferences for sucrose itself, it was first necessary to document the rats' preferences for different concentrations of sucrose under the conditions to be used in the subsequent conditioning experiments. Previous studies have demonstrated that rats prefer stronger sucrose solutions to weaker ones (Collier & Bolles, 1968; Smith & Sclafani, 2002) . However, there is evidence that this preference may change when rats are water deprived. For example, Johnson and Fisher (1973) reported that rats' preference for 25% sucrose over water was systematically reduced by increasing levels of water deprivation. Scalera (2000) reported a similar thirst-induced decrease in preference when rats were tested with a choice between 5% sucrose and water. In a recent unpublished experiment, we have observed that rats prefer 30% sucrose to 5% sucrose if they are not water deprived, but they show no preference (i.e., they consume equal amounts of the two solutions) if tested while water deprived for 23 hr. The present experiments follow up on these observations by comparing preferences between a range of sucrose solutions among water-deprived and nondeprived rats. Rats were given choice tests between different concentrations of sucrose: In Experiment 1A, these were 5% versus 10% sucrose and 10% versus 20% sucrose; in Experiment 1B, they were 17.5% versus 30% sucrose and 30% versus 47.5% sucrose; in Experiment 1C, they were 10% versus 20% sucrose, 15% versus 30% sucrose, and 20% versus 40% sucrose. Rats in Experiments 1A and 1B were given overnight exposure to sucrose before any preference tests, whereas rats in Experiment 1C were naïve to sucrose prior to testing.
Method Subjects
Experiment 1A used 16 male albino Wistar rats (Rattus norvegicus, weighing 332-472 g), Experiment 1B used 32 male hooded Wistar rats (weighing 270 -447 g), and Experiment 1C used 16 male hooded Wistar rats (weighing 343-448 g). They had been bred and raised in the animal colony in the School of Psychology at the University of Sydney. Rats in Experiments 1A and 1B had previously participated in a conditioned taste aversion experiment with a 2% almond solution and a 0.5% salt solution. All rats were housed in groups of 8 in large white plastic tubs, measuring 26 ϫ 59 ϫ 37 cm (height ϫ length ϫ depth), with unrestricted access to food in their home tubs.
Apparatus
A set of eight clear acrylic boxes, lined with wood shavings, was set up in the laboratory with low natural light. Fluid was made available from 250-ml bottles fitted with stainless steel spouts containing two ball bearings. The spouts were identical to those delivering water in the home tubs. Fluid consumption was measured by weighing these bottles before and after each session. Six solutions were used for training and test. All contained sucrose at 5%, 10%, 15%, 17.5%, 20%, 30%, 40%, or 47.5% (wt/vol).
Procedure
Preexposure. Rats in Experiments 1A and 1B were given 15-hr preexposure to 20% and 47.5% sucrose, respectively, in their home cages. This was done to habituate any neophobic reaction; however, it is conceivable that this experience may have induced other changes in their sucrose preference, such as conditioning a satiety response. Therefore, rats in Experiment 1C were not preexposed to sucrose.
Experiment 1A. Rats were tested twice for 10 min on consecutive days between 2:00 and 3:00 p.m. On one test, all rats were presented with a simultaneous choice between two spouts, one delivering a solution containing 5% sucrose and the other containing 10% sucrose; on the other test, they were presented with a choice between 10% and 20% sucrose. The order of these tests was counterbalanced between rats. On the evening prior to the first test, the water bottles were removed from the home cages of half the rats (n ϭ 8). On the evening after the first test, these rats were given 30-min access to water in the home tubs (between 5:00 and 5:30 p.m.). The remaining rats had ad lib access to water in their home tubs.
Experiment 1B. Rats were tested twice, as in Experiment 1A. Half the rats (n ϭ 16) were maintained on the water-deprivation schedule described above (30 min per day), and the remaining rats had ad lib access to water in their home tubs. On one test, the rats were given a choice between 17.5% and 30% sucrose; on the other test, they had a choice between 30% and 47.5% sucrose. The order of these tests was counterbalanced between rats.
Experiment 1C. Rats were tested six times for 10 min on consecutive days between 2:00 and 3:00 p.m. On the first test, all rats were presented with a simultaneous choice between 20% and 40% sucrose; on the second test, they were presented with a choice between 15% and 30% sucrose; and on the third test, they were presented with a choice between 10% and 20% sucrose. The rats were then run again through the same three choice tests, but in reverse order, and the data from the two replications of each test were combined. Prior to the first test, the water bottles were removed from the home cages of half the rats (n ϭ 8). On the evening after each test, these rats were given 30-min access to water in the home tubs (between 5:00 and 5:30 p.m.). The remaining rats had ad lib access to water in their home tubs.
The data for each group were analyzed by a repeated-measures analysis of variance (ANOVA), with alpha set at .05.
Results

Experiment 1A
The intakes of the different concentrations of sucrose on each of the two tests are shown in Figure 1A . When given a choice between 5% and 10% sucrose, both water-deprived and nondeprived rats consumed much more of the 10% solution than of the 5% solution. When given a choice between 10% and 20% sucrose, both groups consumed slightly more of the more concentrated solution. An ANOVA confirmed that, overall, the rats consumed more of the stronger sucrose solution: F(1, 7) ϭ 20.49, p Ͻ .01, for Figure 1 . Intakes (Ϯ within-subjects SEMs) of two sucrose solutions with different concentrations by water-deprived and nondeprived rats during 10-min simultaneous choice tests in Experiments 1A, 1B, and 1C (see Panels A-C). Nondeprived rats tended to consume more of the stronger sucrose solution, although their intakes differed little when the rats were presented with a choice between two strong solutions (e.g., 15% vs. 30%). Water-deprived rats also consumed more of the stronger sucrose solution when both were relatively weak (5% vs. 10%), but this pattern was reversed when the rats were presented with a choice between two strong solutions (e.g., they consumed more 20% sucrose than 40% sucrose). Panel D: Hypothesized functions relating the attractiveness of sucrose to its concentration among water-deprived and nondeprived rats.
water-deprived rats; F(1, 7) ϭ 13.16, p ϭ .011, for nondeprived rats. Their overall intake tended to be greater when tested with the lower concentrations of sucrose (5% vs. 10%) than with the higher concentrations (10% vs. 20%): F(1, 7) ϭ 9.52, p ϭ .018, for water-deprived rats; F(1, 7) ϭ 5.58, p ϭ .056, for nondeprived rats. Finally, there was a significant interaction between these variables, confirming that the preference for the stronger solution was larger when the solutions were weaker (i.e., the preference for 10% over 5% was larger than that for 20% over 10%), F(1, 7) ϭ 10.85, p ϭ .013, for water-deprived rats; F(1, 7) ϭ 6.17, p ϭ .047, for nondeprived rats.
Experiment 1B
The intakes of each concentration of sucrose by water-deprived and nondeprived rats are shown in Figure 1B . On both tests, nondeprived rats consumed equivalent amounts of both sucrose solutions, whereas water-deprived rats consumed more of the lower sucrose solution on both tests. An ANOVA revealed that, for water-deprived rats, the difference in overall intake between the two tests was just short of statistical significance, F(1, 15) ϭ 4.20, p ϭ .058, but their preference for the weaker sucrose solution was significant, F(1, 15) ϭ 10.02, p Ͻ .01. There was no interaction between preference and test (F Ͻ 1). For nondeprived rats, there was no difference between tests, no preference between the two sucrose solutions, and no interaction between test and preference (all Fs Ͻ 1).
Experiment 1C
The intakes of each concentration of sucrose by water-deprived and nondeprived rats are shown in Figure 1C . Nondeprived rats consumed more 20% than 10% sucrose, but they consumed similar amounts of 15% and 30% sucrose and similar amounts of 20% and 40% sucrose. Water-deprived rats consumed similar amounts of 10% and 20% sucrose, but they consumed more 15% than 30% sucrose and more 20% than 40% sucrose. An ANOVA revealed that nondeprived rats showed a significant preference overall for the stronger sucrose solution, F(1, 7) ϭ 13.80, p Ͻ .01, and this preference interacted with the concentrations of sucrose offered on each test, such that the preference was significantly stronger when rats were tested with 10% versus 20% sucrose than when tested with 15% versus 30% or 20% versus 40% sucrose, F(1, 7) ϭ 7.46, p ϭ .03. Water-deprived rats showed a significant preference overall for the weaker sucrose solution, F(1, 7) ϭ 10.17, p ϭ .015, but this did not interact with the concentrations of sucrose presented on the different tests (F Ͻ 1).
Discussion
The experiments presented here have shown that rats' preferences for one concentration of sucrose over another depends on whether the rats are water deprived. Nondeprived rats preferred more concentrated over less concentrated sucrose for moderatestrength solutions (i.e., they preferred 10% over 5% sucrose and 20% over 10% sucrose), but the strength of the preference decreased as the sweetness of the two solutions increased. Indeed, the nondeprived rats appeared to be indifferent when two very strong solutions were pitted against each other (e.g., they showed no preference between 15% and 30% sucrose or between 30% and 47.5% sucrose). Like nondeprived rats, water-deprived rats preferred stronger over weaker sucrose for low-concentration solutions (i.e., they preferred 10% over 5% sucrose), and this preference decreased as the strength of the solutions increased. Unlike the nondeprived rats, however, the water-deprived rats showed a reversal of preference with very strong sucrose solutions (e.g., they preferred 15% over 30% sucrose and 30% over 47.5% sucrose).
These findings suggest that, among nondeprived rats, the preference for sucrose is described by a function in which its attractiveness increases with increasing concentration but reaches an asymptote at about 20%, beyond which preference changes very little. This finding is consistent with reports that rats' free intake of sucrose (measured as amount of solute) reaches asymptote at about 17% (e.g., Smith & Sclafani, 2002) . It is also consistent with Collier and Bolles's (1968) report that rats given a choice between two sucrose solutions preferred the more concentrated sucrose for low to middle strength solutions (4%, 8%, and 16%) but not for a choice between two strong solutions (i.e., the rats' preference for 32% sucrose over 16% sucrose was no different from their response to a choice between two 16% solutions or two 32% solutions). However, this conclusion is not consistent with studies using other measures of sucrose palatability, such as the rate of licking during a drinking bout or the intake of sucrose in a sham feeding procedure. These studies found that sucrose palatability increases monotonically with concentration (reviewed in Smith & Sclafani, 2002) . This discrepancy presumably reflects differences in the sensitivity of different tests to variations in rats' reactions to sucrose. For present purposes, however, the important point is that rats' preferences for different concentrations of sucrose appear to saturate at concentrations above 20% if those preferences are assayed using a 10-min two-bottle choice test.
In contrast to the nondeprived rats, the preference among waterdeprived rats can be described by an inverted-U function, in which sucrose becomes more attractive with increasing concentration up to about 20% but becomes less attractive beyond that point. Indeed, this function could account for the absence of any preference between 5% and 30% sucrose among water-deprived rats that we had found in an earlier unpublished study-these two concentrations may be at equivalent heights on the function, with 5% sucrose located on the ascending arm of the function and 30% on the descending arm. These preference functions are illustrated in Figure 1D .
Experiment 2
Experiments 1A, 1B, and 1C have shown that rats' preferences for sucrose differ depending on their level of thirst: Waterdeprived rats prefer intermediate concentrations of sucrose over both low and high concentrations, whereas nondeprived rats prefer intermediate over low concentrations but do not discriminate between intermediate and high concentrations. On the basis of these findings, the acquired sweetness account of conditioned flavor preferences makes specific predictions about how rats' conditioned odor preferences will change depending on the concentration of sucrose present in the test solutions. This account assumes that odors paired with sucrose acquire sweetness proportional to the strength of the sucrose with which they have been paired. If the odor is then mixed with sucrose, this acquired sweetness would sum with the sweet taste of the sucrose. Therefore, rats should prefer an odor paired with a strong sucrose solution over an odor paired with a weak sucrose solution if both odors are presented on test in a weak sucrose solution, and this will be true whether rats are water deprived or not. However, if the odors are presented on test in a strong sucrose solution, then water-deprived rats should prefer the odor paired with weak sucrose over the odor paired with strong sucrose, whereas nondeprived rats should not discriminate between the odors. Experiment 2 tested these predictions. On each of 8 training days, two groups of nondeprived rats were given a 10-min exposure to a solution containing one aqueous odor in compound with 5% sucrose (odor-low sucrose, or odor-L) or a second odor with 30% sucrose (odor-high sucrose, or odor-H). The 2 solutions alternated across days, such that there were 4 training presentations of each. On the 9th and 10th days, the rats were given a 10-min simultaneous choice test between the two odors: On one test, both odors were presented in 5% sucrose; on the other test, both odors were in 30% sucrose. Prior to these tests, one group was water deprived for 20 hr, whereas the other group continued with ad lib access to water.
Method Subjects and Apparatus
Subjects were 32 experimentally naïve male hooded Wistar rats (weighing 295-429 g) obtained from the same source and housed in the same manner as in Experiments 1A, 1B, and 1C. The chambers and drinking bottles used in Experiments 1A, 1B, and 1C were used here. Four solutions were used for training and test. These consisted of 2% vanilla or 2% rose (odors manufactured by Queen in Alderly, Queensland, Australia), mixed with 5% or 30% sucrose. Allocation of these odors to odor-L and odor-H was counterbalanced between rats.
Procedure
Once a day for 8 days, the rats were given a 10-min exposure to the drinking chambers between 2:00 p.m. and 3:30 p.m. On the first 6 days, only one bottle was present, but on the last 2 days of training, there were two bottles both delivering the same solution (this was done to familiarize the rats with the presence of two bottles, in preparation for the subsequent test). On 4 of the 8 training sessions, the rats were given a solution containing odor-L and 5% sucrose, and they were given odor-H with 30% sucrose on the other 4 sessions. The two types of session followed a triple-alternating sequence (ABBABAAB), with half the rats starting with odor-L plus 5% sucrose and half starting with odor-H plus 30% sucrose. All rats had ad lib access to water in their home tubs throughout these 8 days of training.
At 6:00 p.m. on the evening of Day 8, the rats were split into two groups (n ϭ 16). The water bottles were removed from the home tubs of one group (water deprived), but were left on the tubs of the other group (nondeprived). On Days 9 and 10, each group was tested for 10 min with a choice between odor-H and odor-L. Both groups were tested once with both odors presented in a solution containing 5% sucrose and once with both odors presented in 30% sucrose (the order of the tests was counterbalanced). On each test, the position of the two bottles was counterbalanced. During the test days, the water-deprived rats were restricted to 30-min access to water in their home tubs at 5:00 p.m. each day. ANOVAs were conducted on the data from both tests for each group.
Results
Intakes of the compound solutions across training are shown in Figure 2A . Consumption increased steadily across sessions, and apart from a slightly lower intake of the solution containing rose and 5% sucrose, there was little difference in consumption of the different compounds.
The intakes of the two odors across the two tests are shown in Figure 2B and 2C. Both water-deprived and nondeprived rats consumed more of odor-H than odor-L when the two solutions were presented in a 5% sucrose solution. However, when the two odors were presented in 30% sucrose, the water-deprived rats consumed more of odor-L than odor-H, whereas the nondeprived rats consumed similar amounts of the two odors. For the waterdeprived rats, there was no difference in overall intake between the two tests (with 5% sucrose vs. 30% sucrose), F(1, 15) ϭ 1.23, p ϭ .284, nor was there an overall preference between the two odors, F(1, 15) Ͻ 1, but there was a significant interaction, F(1, 15) ϭ 6.79, p ϭ .020. This interaction confirms that the odor preference among water-deprived rats was reversed when the tests were conducted in 5% versus 30% sucrose. For the nondeprived rats, there was a nonsignificant difference in intake between the two tests, F(1, 15) ϭ 3.73, p ϭ .073, and a significant preference overall for odor-H over odor-L, F(1, 15) ϭ 5.45, p ϭ .034, but no interaction between tests and preference, F(1, 15) ϭ 1.29, p ϭ .273.
Discussion
This experiment has shown that rats' preferences for odors previously paired with high versus low concentrations of sucrose are affected by water deprivation and by the concentration of sucrose in the test solutions. Rats that were not water deprived preferred odor-H (previously paired with 30% sucrose) over odor-L (previously paired with 5% sucrose). Although there was not a significant interaction between the magnitude of this preference and the concentration of sucrose present on test, it is clear from Figure 2 that the preference for odor-H over odor-L was present when the odors were presented in 5% sucrose, but there was very little preference when the odors were in 30% sucrose. Rats that were water deprived before test also preferred odor-H over odor-L when both were in 5% sucrose, but this preference was reversed when the odors were in 30% sucrose.
This experiment has revealed that changes in rats' preference for flavors paired with sucrose are related to their preference for the sucrose itself. Experiments 1A, 1B, and 1C showed that, among nondeprived rats, the concentration-preference function for sucrose increases monotonically to an asymptote (reached at concentrations above 20%). Accordingly, the fact that nondeprived rats preferred odor-H over odor-L when both were presented in 5% sucrose is consistent with the fact that this concentration of sucrose is located on the ascending arm of the preference function (i.e., where rats prefer higher over lower concentrations of sucrose). The fact that their preference for odor-H over odor-L all but disappeared when the odors were presented in 30% sucrose is consistent with the observation that sucrose preferences have reached asymptote at this concentration (i.e., rats showed no preference between different concentrations of sucrose in this range). This interaction between conditioned and unconditioned preferences is also evident in the preferences among water-deprived rats. The preference among these rats follows an inverted-U function, peaking at a concentration of approximately 20% (see Figure 1) . Consistent with this function, water-deprived rats in Experiment 2 also showed a preference for odor-H over odor-L when both were presented in 5% sucrose (i.e., on the ascending arm of the inverted U) but showed a preference for odor-L over odor-H when both were presented in 30% sucrose (i.e., on the descending arm of the inverted U).
Experiment 2 used a design similar to one used by Sclafani (2002) as well as in studies by Warwick et al. (1999) and Warwick and Weingarten (1996) , yet the results of our experiment only partly concur with theirs. All studies found that the rats preferred an odor previously paired with 30% sucrose over an odor previously paired with 5% sucrose when these odors were presented in a solution of 5% sucrose. However, when the two odors were presented in 30% sucrose, the rats in Sclafani's study and in Warwick et al.'s and Warwick and Weingerten's studies (rats that were not water deprived) showed the reverse preference, whereas we observed only a loss of preference. The main difference among these studies is that rats in the other authors' studies were trained and tested for 23-hr sessions each day, whereas our rats had only 10-min training and test sessions. Presumably these other authors' rats had much more opportunity than our rats to learn about the caloric consequences of their sucrose intake, and this learning may have served to restrict the rats' intake of the odor paired with the calorically rich 30% sucrose. In other words, their rats may have consumed less odor-H than odor-L because they had learned an association between odor-H and the satiating effects of 30% sucrose, whereas our rats did not learn such an association and thus did not restrict intake of odor-H. One might even speculate that this restriction in intake of odor-H was not evident when the odors were presented in the weak sucrose solution because it was masked by the concurrent preference for odor-H.
Experiment 3
We have interpreted the results of Experiment 2 as suggesting that an odor paired with sucrose acquires a sweetness that then adds to the sweet taste of the sucrose itself. If this is correct, it is worth asking whether the effect is specific to sweetness or can occur with any taste. Accordingly, the remaining experiments in this series sought to determine whether odors paired with salt also acquire a saltiness, as revealed by summation in the rats' response to the odor and the salt. Before attempting to investigate conditioned preferences for odors paired with salt, it is necessary to establish the concentration-preference function for salt in the experimental procedures used here. Thus, rats in Experiment 3 were familiarized with different salt solutions before being tested three times each, once with a choice between 0.5% and 1% salt, once with a choice between 1% and 2% salt, and once with a choice between 2% and 4% salt. Unlike the previous experiments, in these experiments all rats were water deprived throughout the experiment. This was necessary because without water deprivation rats would not drink sufficient amounts of the training and test solutions. Intakes of compound solutions comprised of vanilla (V) or rose (R) with 5% or 30% sucrose on each 10-min training session in Experiment 2. Panels B and C: Intakes of two solutions, one containing an odor paired with 5% (low) sucrose during training (odor-L) and the other containing an odor paired with 30% (high) sucrose during training (odor-H) in a 10-min simultaneous choice test. Rats were tested twice, once with both odors in a 5% sucrose solution and once with both in a 30% sucrose solution. Half the rats were water deprived prior to the two tests. Vertical bars show within-subjects SEMs.
Method Subjects and Apparatus
Subjects were 32 experimentally naïve male albino Wistar rats (weighing 350 -580 g). They were obtained from the same source and housed in the same manner as in Experiments 1A, 1B, and 1C. Throughout the experiment, access to water in the home tubs was restricted to a period of 30 min each evening (between 5:00 and 5:30 p.m.). The testing chambers and drinking bottles used previously were used here. Four different salt solutions were used: 0.5%, 1%, 2%, and 4% wt/vol NaCl in tap water.
Procedure
Once a day for 3 days, rats were given a 10-min two-bottle choice test between two concentrations of salt: 0.5% versus 1%, 1% versus 2%, or 2% versus 4%. The order in which the tests were conducted was counterbalanced between rats, as was the position (left vs. right) of the higher versus lower concentration of salt. Results were analyzed by an ANOVA conducted on intakes of higher and lower concentrations of salt and differences between each test. Paired t tests were also performed to determine whether there was a significant preference between the two salt solutions on each test.
Results
Intakes of the different concentrations of salt are shown in Figure 3 . Overall, there was a significant preference for the lower concentration of salt, F(1, 31) ϭ 90.85, p Ͻ .01, and a significant difference in intakes between tests, F(1, 31) ϭ 30.01, p Ͻ .01, as well as a significant interaction between preference and tests, F(1, 31) ϭ 10.25, p Ͻ .01. Paired t tests confirmed that rats drank significantly more 1% salt than 2% salt, t(31) ϭ 8.53, p Ͻ .001, and more 2% salt than 4% salt, t(31) ϭ 12.13, p Ͻ .001. By contrast, their preference for 0.5% over 1% salt fell short of statistical significance, t(31) ϭ 1.92, p ϭ .064.
Discussion
When given a choice between two salt solutions, rats preferred the lower concentration over the higher concentration. The difference in intakes was significant for choices between higher concentrations of salt (1% vs. 2% and 2% vs. 4%) but not for the choice between two low concentrations of salt (0.5% vs. 1%) despite the large amount of statistical power provided by testing 32 rats. Thus, the experiment has confirmed that rats avoid salt solutions above physiological concentration (0.9%) and that this avoidance increases as the concentration of salt increases. It also revealed that rats are indifferent to salt solutions at lower concentrations.
Experiment 4
Experiment 3 established that rats avoid salt at concentrations above 1% but show much less avoidance at lower concentrations. Experiment 4 used this information to examine their learned changes in preference for odors that had been presented in compound with high or low concentrations of salt. Four groups were trained with alternating pairings of one odor (odor-L) with 0.5% salt and a second odor (odor-H) with 2% salt. They were then tested with a choice between the two odors when both were presented in either plain water (0% salt) or in a 0.5%, 1%, or 2% salt solution.
Method Subjects and Apparatus
Subjects were 30 experimentally naïve male albino Wistar rats (weighing 350 -480 g) of the same stock and housed in the same manner as in Experiments 1A, 1B, and 1C. The same testing chambers and drinking bottles used in Experiments 1A, 1B, and 1C were used here. Four different solutions were used during training: 2% (vol/vol) natural vanilla essence mixed with 0.5% or 2% salt and 2% (vol/vol) natural almond essence mixed with 0.5% or 2% salt (odors manufactured by Queen in Alderly, Queensland, Australia). The assignment of almond and vanilla as odor-L and odor-H was counterbalanced across rats. These four solutions were also used for testing odor preferences, along with four additional solutions: 2% vanilla mixed with 0% or 1% salt and 2% almond mixed with 0% or 1% salt.
Procedure
Across 8 consecutive days, rats were trained exactly as in Experiment 2 but with two differences: The two solutions contained 0.5% or 2% salt rather than sucrose, and the rats were water deprived throughout training and test. On Day 9 the rats were tested for 10 min with a choice between odor-L and odor-H. For each rat, both odors were presented in the same concentration of salt-for different groups, this was either 0%, 0.5%, 1%, or 2% (n ϭ 6, 8, 8, and 8, respectively). The position of the two bottles was counterbalanced. A mixed model ANOVA was used to test for differences in intakes between groups.
Results
Intakes of the different compound solutions during training are shown in Figure 4A . The rats consumed approximately two to three times more of the compound containing 0.5% salt than the compound containing 2% salt, consistent with a greater acceptability of the lower salt concentration. There was no difference in the intakes of the compounds containing vanilla versus almond.
Intakes of odor-L and odor-H for each group on test are shown in Figure 4B . There was no systematic difference in intakes of Figure 3 . Intakes (Ϯ within-subjects SEMs) of each of two salt solutions presented in a 10-min simultaneous choice test in Experiment 3. Rats showed a trend to prefer 0.5% salt over 1% salt that did not reach significance but showed a clear preference for 1% over 2% salt and for 2% over 4% salt.
odor-L versus odor-H for rats tested with 0% or 0.5% salt. By contrast, rats tested with 1% or 2% salt showed large preferences for odor-L over odor-H. An ANOVA confirmed a significant overall preference for odor-L over odor-H, F(1, 26) ϭ 16.17, p Ͻ .01, but also showed that this preference varied between groups: The preference was significantly greater for the two groups tested with 1% and 2% salt than for the two groups tested with 0% and 0.5% salt, F(1, 26) ϭ 12.90, p Ͻ .01. However, there were no differences between the 0% and 0.5% groups, F(1, 26) ϭ 1.92, p ϭ .18, or between the 1% and 2% groups, F(1, 26) ϭ 1.63, p ϭ .21.
Discussion
In this experiment, rats were repeatedly exposed to two aqueous odors: one (odor-L) in compound with a weak (0.5%) salt solution and the other (odor-H) in compound with a strong (2%) salt solution. When subsequently given a choice between two odors, the rats avoided the odor previously associated with strong salt. This preference matches the preference rats show for low over high concentrations of salt and is consistent with other evidence that rats acquire an aversion to flavors paired with aversive concentrations (e.g., 2%) of salt (Kruse & LoLordo, 1986) . However, the expression of the aversion was contingent on the presence of salt in the test solution: Rats showed no preference between the odors if both were presented in plain water or in a weak (0.5%) salt solution but avoided the odor previously associated with strong salt if both were presented in 1% or 2% salt.
The results are consistent with the interaction, identified in Experiment 2, between conditioned odor preferences and the unconditioned preference for the accompanying taste. Rats showed no preference between odor-L and odor-H when both were presented in water or in a low (0.5%) concentration of salt, which corresponded to their indifference to a choice between different low concentrations of salt. In contrast, rats did show a clear preference for odor-L over odor-H when both were presented in a stronger salt solution (1% or 2%), consistent with their clear preference for low over high concentrations of salt in this range. These findings are thus consistent with the proposal that odors acquire a component of the taste with which they are paired.
Experiment 5
Experiment 4 identified a relationship between rats' conditioned preferences for odors paired with salt and their unconditioned preferences for different concentrations of salt. Experiment 5 sought to investigate whether this relationship between conditioned and unconditioned preferences is reciprocal-that is, whether the presence of a conditioned odor can influence the rats' preference for different concentrations of salt.
Four groups of rats were trained with two odors, odor-L and odor-H, paired with 0.5% and 2% salt, respectively, as in Experiment 4. Rather than being tested with a choice between the two odors, they were tested with a choice between two concentrations of salt, either 0.5% versus 1% salt or 1% versus 2% salt, when both solutions also contained either odor-L or odor-H. Experiment 3 documented that rats prefer 1% over 2% salt but show little preference between 1% and 0.5% salt. The question here is whether these unconditioned preferences are affected by the presence of an odor previously paired with strong or weak salt. 
Method Subjects and Apparatus
Subjects were 32 experimentally naïve male albino Wistar rats (weighing 285-387 g) of the same stock and housed in the same manner as in Experiments 1A, 1B, and 1C. The same chambers, drinking bottles, and training solutions used in Experiment 4 were used here. Six solutions were used for testing odor preferences. These consisted of 2% vanilla or 2% almond mixed with 0.5%, 1%, or 2% salt.
Procedure
Four groups of rats (n ϭ 8) were trained on Days 1 through 8 in the same manner as in Experiment 4. On Day 9, they were tested for 10 min with a choice between two concentrations of salt. Two groups were tested with a choice between 0.5% and 1% salt; the other two groups were tested with a choice between 1% and 2% salt. The two test solutions also contained the same odor: either odor-L (for one group tested with 0.5% vs. 1% salt and one group tested with 1% vs. 2% salt) or odor-H (for the other two groups). The positions of the two bottles were counterbalanced. Differences in intakes of the two test solutions were compared between groups by a mixed-model ANOVA that examined main effects for test (0.5% against 1% salt vs. 1% against 2% salt), odor (odor-L vs. odor-H), and the interaction between test and odor.
Results
Intakes of the compounds presented during training are shown in Figure 5A . As in Experiment 4, the rats consumed much more of the compound containing 0.5% salt than of the compound containing 2% salt. There was little difference in intakes between the compounds containing vanilla or almond.
Intakes of the two salt solutions on test for each group are shown in Figures 5B and 5C . An ANOVA revealed a significant overall preference for the weaker salt solution, F(1, 28) ϭ 40.52, p Ͻ .01. The size of the preference interacted with the choice of salt solutions presented on test: Rats tested with a choice between 1% and 2% salt showed a significantly larger preference (for the weaker salt solution) than did rats tested with a choice between 0.5% and 1% salt, F(1, 28) ϭ 11.20, p Ͻ .01. There was no interaction between the magnitude of the preference and the odor added to the two salt solutions, F(1, 28) Ͻ 1, but there was a significant triple interaction among the magnitude of the preference, the concentrations of salt presented on test, and the odors added to the salt solutions, F(1, 28) ϭ 10.54, p Ͻ .01. This triple interaction confirms what can be observed in Figure 5 : Rats showed a preference for the weaker salt solution (0.5% vs. 1%) when both solutions contained odor-H but not when they contained odor-L, whereas rats showed a preference for the weaker salt solution (1% vs. 2%) irrespective of which odor had been added.
Discussion
Experiment 5 has shown that an odor previously paired with salt can affect rats' preferences for different concentrations of salt. Rats were indifferent to a choice between 0.5% and 1% salt, but showed a clear preference for 1% over 2% salt when both solutions contained an aqueous odor (odor-L) that had previously been paired with a low concentration of salt (0.5%). This preference function replicates that observed in Experiment 3 when rats were tested with the same concentrations of salt but in the absence of any odor. Thus, it appears that the presence of the odor per se did not affect the rats' reaction to salt.
In contrast to the results just described, rats showed a clear preference for 0.5% salt over 1% salt, as well as for 1% over 2% salt, when both salt solutions contained an odor (odor-H) previ- ously paired with a strong concentration of salt (2%). Thus, odor-H shifted the preference function, revealing a differential aversion to 1% versus 0.5% salt. Further, even among rats tested with a choice between 1% and 2% salt, intake of the 1% salt was lower among rats tested with odor-H compared with rats tested with odor-L, indicating that odor-H decreased the acceptability of the 1% salt solution. These findings show that, just as the presence of salt affected the expression of conditioned odor preferences in Experiment 4, the presence of an odor associated with salt can affect the unconditioned preference for salt. Thus, the interaction between conditioned odor preferences and unconditioned taste preferences is reciprocal.
General Discussion Pearce (2002) suggested that, when flavors are presented in a simultaneous compound, they acquire the capacity to activate each other's sensory representations. Thus, pairing an odor with a taste imbues the odor with some component of the taste's sensory properties, such that an odor paired with sucrose becomes sweet (Stevenson, Boakes, & Wilson, 2000a; Stevenson et al., 1998 Stevenson et al., , 2000b Stevenson, Prescott, & Boakes, 1999) . A simple implication of this is that the taste acquired by the odor should add to the original unconditioned taste. We reasoned that the rats' conditioned preference for the odor should vary when the odor is combined with the taste depending on the concentration of the tastant and the direction of the rats' preference for the taste at that concentration.
The findings presented here confirmed this prediction. In Experiment 2, rats preferred an odor (odor-H) previously paired with 30% sucrose over an odor (odor-L) previously paired with 5% sucrose when both odors were mixed with 5% sucrose. Because rats prefer sweeter over less sweet solutions in this concentration range (e.g., they prefer 10% to 5% sucrose), their preference for odor-H over odor-L is consistent with the argument that the odor-H solution was sweeter than the odor-L solution. More striking, the rats showed no preference between the odors when presented in 30% sucrose, unless they were water deprived at the time of test, in which case they showed the reverse preference (i.e., they preferred odor-L over odor-H). This is again consistent with the conclusion that the odor-H solution was perceived as sweeter than the odor-L solution because the rats' responses to odor-H and odor-L track their reactions to strong sucrose solutions. Thus, nondeprived rats were indifferent to odor-L versus odor-H when both were in 30% sucrose because they displayed no preference between different strength solutions of sucrose at such concentrations (e.g., 30% vs. 47.5%). Similarly, water-deprived rats preferred odor-L over odor-H when both were mixed with 30% sucrose because they preferred the weaker of two strong sucrose solutions (e.g., they preferred 30% over 47.5% sucrose).
Experiments 4 and 5 extended these findings by revealing a comparable interaction between rats' conditioned responses to odors paired with salt and their unconditioned responses to salt itself. Water-deprived rats avoided odor-H (previously paired with 2% salt) in favor of odor-L (previously paired with 0.5% salt) when the two odors were presented on test with 1% or 2% salt, but they showed no preference when the odors were presented in 0.5% salt or in plain water. We explain these results by assuming that both odors acquired a salty taste, but odor-H acquired more saltiness than odor-L. (We assume that neither odor came to taste as salty as the solution with which it had been paired, because this would lead to the prediction that the rats would avoid odor-H in favor of odor-L in all tests.) As a result, on test the odor-H solution should have tasted saltier than the odor-L solution. This would have resulted in a preference for odor-L over odor-H when they were in 1% or 2% salt because rats avoid salt solutions above 1%, but this would not have produced any preference when the odors were in 0.5% salt or water because rats are indifferent to salt solutions below 1%. Summation of the acquired saltiness of the odors with the taste of the salt itself was further confirmed in Experiment 5. When rats were given a choice between 1% and 0.5% salt, they showed no preference when the two salt solutions were mixed with odor-L, just as they showed no preference between these low concentrations of salt in water, but they avoided 1% salt in favor of 0.5% salt when both were mixed with odor-H. In other words, odor-H shifted to the left the concentration preference function for salt, consistent with the suggestion that odor-H increased the apparent saltiness of the two test solutions.
The notion that odors acquire something of the sensory properties of the taste with which they are paired explains the otherwise puzzling observation that rats' conditioned preferences for odors paired with sucrose are resistant to extinction (Capaldi et al., 1983; Harris et al., 2004) . Quite simply, rats should continue to prefer a sweet odor just as they continue to prefer the sweet taste with which that odor had been paired. However, we have recently reported findings that are difficult to reconcile with this view (Harris et al., 2004) . We confirmed that rats trained with an odor-sucrose solution exhibited a preference for the odor that persisted for as many as 20 test trials in which the odor alone was pitted against water. If this persistent preference were due to the odor becoming sweet as a consequence of its association with sucrose, then an aversion conditioned to sucrose should transfer to that odor. This was indeed the case: When rats trained with an odor-sucrose compound subsequently acquired a conditioned aversion to sucrose, they showed an immediate avoidance of the odor as well (Harris et al., 2004) . However, the crucial finding for the proposal that the odor had become sweet was that repeated presentation of the odor without sucrose prevented the conditioned sucrose aversion from transferring to the odor-that is, it extinguished the odor-sucrose association-even though it failed to reduce the acquired preference. This would seem to rule out the possibility that acquired sweetness was responsible for the persistent odor preference. In light of this evidence, we argued that the odor did not acquire the sweet taste of sucrose, but rather became imbued with the capacity to elicit directly the hedonic reaction previously provoked by sucrose (Harris et al., 2004) .
However, there is an alternative explanation for our findings, one that is consistent with the argument that the persistent preference is based on acquired sweetness. Repeated exposure to the odor without sucrose would enhance its discriminability from the odor-sucrose compound (Honey & Hall, 1989; Mackintosh, Kaye, & Bennett, 1991) , and this enhanced discriminability could then prevent the sucrose aversion from generalizing to the odor. In other words, the odor may have become sweet across pairings with sucrose and may have remained so across presentations of the odor alone (thereby maintaining the preference), but an enhanced discriminability would ensure that the odor was protected from the effects of the sucrose aversion. One prediction of this account is that the process should be symmetrical: Repeated exposure to sucrose, in the absence of the odor, should also enhance discrimination between them and thus reduce the sucrose aversion from generalizing to the odor. This prediction was in fact confirmed in our study (Harris et al., 2004) .
In conclusion, the present experiments have shown that rats acquire preferences or aversions for odors presented in compound with sucrose or salt, but expression of these preferences or aversions is influenced by the concentration of salt or sucrose in the test solution. We interpret these findings as showing that an odor paired with salt or sucrose acquires the sensory properties of those tastes-an odor paired with salt becomes salty and an odor paired with sucrose becomes sweet. These acquired tastes add to the unconditioned taste of the salt or sucrose, producing a preference or aversion depending on the effective location of the compound solution on the concentration-preference function. Thus, the acquired saltiness of an odor paired with 2% salt does not produce an aversion when presented on its own or in compound with 0.5% salt, but its saltiness exceeds the aversion threshold when presented with 1% salt. The acquired sweetness of an odor paired with 30% sucrose produces a preference when combined with the moderate sweetness of 5% sucrose but becomes aversive to thirsty rats when it is combined with the already intense sweetness of a 30% sucrose solution. We suggest that this acquired sweetness may also explain why the conditioned preference for a flavor paired with sucrose is resistant to extinction-once it has become sweet, the preference for an odor persists just as the preference for sucrose or saccharin persists.
